ABSTRACT: Oral daily (2.5 mg) and intermittent ibandronate (between-dose interval of >2 months), delivering a similar cumulative exposure, were evaluated in 2946 osteoporotic women with prevalent vertebral fracture. Significant reduction in incident vertebral fracture risk by 62% and 50%, respectively, was shown after 3 years. This is the first study to prospectively show antifracture efficacy for the intermittent administration of a bisphosphonate.
INTRODUCTION
A PPROXIMATELY ONE-THIRD to one-half of women will sustain at least one osteoporotic fracture during their lifetime. (1, 2) Hence, this debilitating condition, with its significant burden of morbidity and mortality, has important implications for public health. (3) Bisphosphonates are im-portant agents in the treatment of postmenopausal osteoporosis (PMO). (4) Bisphosphonates exert their therapeutic effect by reducing osteoclast-mediated bone resorption, (4) which results in a decrease in bone turnover, an increase in BMD, and a reduction in fracture risk. (5) (6) (7) (8) Despite proven efficacy, regular administration of nitrogen-containing bisphosphonates is known to cause gastrointestinal (GI) adverse events in some patients. (9, 10) In addition, all oral bisphosphonates are associated with relatively low intestinal absorption, (9, 11) which is potentially further reduced by concomitant intake of food or drink (other than water). (11, 12) To ensure GI tolerability and maximize bioavailability, patients taking oral bisphosphonates must adhere to relatively stringent dosing guidelines that, depending on dosing frequency, may be inconvenient to some patients and may impair long-term compliance. A recent large retrospective analysis has shown that poor adherence to osteoporosis therapies is likely to potentially jeopardize efficacy. (13) Less frequent, intermittent dosing schedules are expected to increase patient convenience (14 -16) and thereby promote long-term adherence to therapy and potentially optimize therapeutic outcomes in PMO.
Ibandronate is a highly potent nitrogen-containing bisphosphonate (17) that has the potential to be administered intermittently with extended between-dose intervals. Preclinical studies conducted in rats, dogs, and monkeys have investigated intermittent treatment with ibandronate (18 -20) and have shown that daily and intermittent regimens produce equivalent benefits in reversing bone loss, increasing bone strength, and restoring or preventing loss of normal bone architecture. (18, 19) These findings were further supported by phase II clinical studies of ibandronate administered both daily and intermittently. (21) (22) (23) (24) A recent double-blind, placebocontrolled study compared the efficacy and safety of daily (2.5 mg) versus intermittent (20 mg ibandronate every other day for 12 doses every 3 months) oral ibandronate therapy in women with PMO. (23) This study found both regimens to produce significant and similar increases in lumbar spine and hip BMD and suppression of bone turnover. Both daily and intermittent ibandronate were well tolerated.
Based on these positive results, a phase III fracture study, oral iBandronate Osteoporosis vertebral fracture trial in North America and Europe (BONE), was conducted to investigate the efficacy and safety of oral ibandronate administered daily or intermittently with a between-dose interval of Ͼ2 months in women with PMO. A principal intention of this study was to investigate whether intermittent ibandronate regimens with extended between-dose intervals can reduce the risk of vertebral fractures.
MATERIALS AND METHODS

Participants
Patients were screened for eligibility at 73 centers in Europe and North America. Eligible patients were 55-80 years of age and Ն5 years postmenopausal, with one to four prevalent vertebral fractures (T 4 -L 4 ) and a BMD T score of Ϫ2.0 to Ϫ5.0 in at least one vertebra (L 1 -L4 ) . Patients with upper GI disorders or taking medication with a potential for GI irritation were not specifically excluded. The main exclusion criteria were a BMD T score of Ͻ Ϫ5.0 at the lumbar spine; more than two prevalent fractures of the lumbar spine; diseases, disorders, or therapy (within the last 6 months) known to affect bone metabolism; previous treatment with bisphosphonates; fluoride treatment within the last 12 months or for a total duration of Ͼ2 years; renal impairment (serum creatinine Ͼ2.4 mg/dl [Ͼ212 M]); contraindications to calcium or vitamin D therapy; and hyper-or hypocalcemia. The Institutional Review Boards of the participating centers approved the study, and all patients provided written informed consent.
Treatment
The method of block randomization was used in this 3-year multicenter, double-blind, placebo-controlled, parallel-group antifracture study. Patients were randomized in blocks of six to treatment with either continuous oral ibandronate (2.5 mg daily), intermittent oral ibandronate at a similar total dose (20 mg every other day for 12 doses every 3 months), or placebo. Patients assigned to the intermittent regimen received placebo tablets on the days without active treatment. Participants were instructed to take their tablets immediately after rising and 1 h before food, nonstudy medications, and fluids other than plain water. All participants received daily calcium (500 mg) and vitamin D (400 IU) supplementation.
Outcomes
Patients underwent a screening visit within 3 months before the start of the study. Baseline information (apart from the X-rays for fracture assessment, which had been undertaken during the screening phase) was collected at the same time that study medication was initially dispensed. Subsequent visits took place at 3-month intervals.
The primary endpoint was the rate of patients with new morphometric vertebral fractures at 3 years of treatment with the study medication. Secondary efficacy measures included the rate of patients with new or worsening vertebral fractures, clinical vertebral fractures, and clinical osteoporotic nonvertebral fractures; relative changes in BMD at the lumbar spine and proximal femur (including subregions); relative changes in biochemical markers of bone turnover; and changes in height (measured using a stadiometer). With regards to safety, adverse events, parameters of renal and liver function, serum electrolyte concentrations, and blood counts were assessed during the study.
Prevalent and incident vertebral fractures: Lateral radiographs of the thoracic and lumbar spine were performed at the screening visit to determine the presence of prevalent fractures using well-established standardized techniques. (25) (26) (27) Thereafter, lateral radiographs of the spine were performed annually for assessment of incident fractures. The diagnosis of fractures was based on morphometric criteria and was further confirmed by qualitative assessment of radiologists at one of two independent central reading facilities. Morphological diagnosis of a new vertebral fracture required a relative height reduction of at least 20% and an absolute decrease of at least 4 mm in any vertebral body height from the baseline radiograph.
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Clinical fractures:
All clinical vertebral and nonvertebral fractures were identified symptomatically and reported as adverse events by the investigator. Suspected clinical fractures were radiographically confirmed. Non-osteoporotic fractures (fractures of the hands, feet, face, and skull) were excluded from all subsequent analyses.
BMD: BMD measurements were performed every 6 months during the first 2 years and again at the final visit using DXA (Hologic QDR and Lunar scanners). Measurements were made at the lumbar spine (L 2 -L 4 ) and proximal femur. All measurements underwent quality assurance and longitudinal correction at one of two independent central sites. T scores at the hip were derived from the third National Health and Nutrition Examination Survey (NHANES III) database. Measurements were also taken at the distal forearm in a subset of patients.
Biochemical markers of bone turnover: Urinary excretion of C-telopeptide of the ␣-chain of type I collagen (CTX/ creatinine), (28) urinary excretion of N-telopeptide of the ␣-chain of type I collagen (NTX/creatinine), (29) serum osteocalcin concentration, (30) and serum concentration of bone-specific alkaline phosphatase (BSAP) (31) were measured in ϳ20% of the total study population at selected investigational sites. Assessments of biochemical markers of bone turnover were undertaken at 3-month intervals during the first 6 months, thereafter at 6-month intervals until the end of the second year, and then at the final visit.
Planned sample size
The sample size was based on a clinically relevant difference of 40% in the incidence of new vertebral fractures between placebo and active treatment. For the study to achieve a power of at least 90%, Ͼ2040 patients were required to complete the first year for the final intent-to-treat (ITT) analysis. To allow for patient withdrawals, the intention was to enroll 2400 patients. However, because of the multicenter organization of the study, it was difficult to prevent further recruitment immediately after the target number was reached. Thus, the protocol was amended to allow inclusion of additional patients.
Statistical methods
The ITT population comprised all patients who received at least one dose of study medication and who attended at least one follow-up visit. The ITT population was used for all fracture analyses (including height). All safety analyses were performed on the same group of patients as the ITT population. As predefined in the protocol, analyses of all nonfracture efficacy endpoints were performed based on the per-protocol population, which was defined to assess the efficacy of ibandronate in a cohort with ideal study conditions. This population included all patients in the ITT population, except those with a protocol deviation deemed to have a significant impact on the efficacy variables (i.e., major deviations regarding the inclusion/exclusion criteria, patients with insufficient compliance [Ͻ75% of the study medication], documentation of forbidden concomitant medication that could bias the BMD/fracture results, and patients lacking an assessable baseline and follow-up for both BMD and X-ray assessments).
The primary endpoint, the rate of patients with new morphometric vertebral fractures at 3 years, was analyzed by testing the homogeneity between treatment groups of the time-to-event curves, the event being the first new incident vertebral fracture. The single vertebra BMD inclusion criterion resulted in the inclusion of almost 20% of patients with a mean lumbar spine (L 2 -L 4 ) BMD T score above Ϫ2.0. To control for possible inhomogeneities between treatment groups with respect to a baseline BMD T score above and below Ϫ2.0, the data analysis plan prespecified testing for an eventual interaction between these groups. Because a statistically significant interaction was discovered after data unblinding, in the primary analysis, the treatmenteffect size was estimated as the relative risk reduction of the first new incident vertebral fracture calculated by a Cox regression model including the interaction term. Estimates of treatment effects after 1 and 2 years were derived using the same model.
For clinical vertebral fractures and other clinical fractures, the incidences were derived from Kaplan-Meier timeto-event analyses. For the BMD measurements, the statistical comparison of treatment groups was based on the 3-year visit. An ANOVA analysis was used for the comparison of all treatment groups based on relative changes in the perprotocol population. The average changes in height per year were compared among treatment groups using a suitable analysis of covariance model.
RESULTS
Patient disposition and baseline characteristics
The study took place between 1 October 1996 and 8 December 2000. After screening 18,447 patients, 2946 were enrolled and randomized, with 982 patients in each of the three treatment groups (Fig. 1) . Of the 2946 patients randomized to therapy, 1938 completed treatment. The number of completers was slightly higher in the ibandronate groups than in the placebo group. In addition, the number of patients completing (64 -68%) the study was similar to welldesigned trials with other bisphosphonates. (7) For those patients that did not complete the study, the mean duration time was 2.42, 2.48, and 2.46 years for those receiving placebo, daily ibandronate, and intermittent ibandronate, respectively. The ITT and safety populations comprised a total of 2929 patients, whereas 2125 patients were evaluable for the per-protocol analyses.
Baseline values and demographic characteristics were well balanced between treatment groups and are summarized in Table 1 .
The number of patients taking concomitant medications, such as nonsteroidal anti-inflammatory agents (NSAIDs) and antacids were similar between the groups (35-37% and 61-63% for NSAIDs and antacids, respectively). Similarly, the number of patients with pre-existing GI disorders was comparable across the treatment arms (25-28%). Serious upper GI conditions, such as peptic ulcer, were uncommon (Յ1%).
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Efficacy
New vertebral fracture: A total of 149 patients in the ITT population suffered at least one new vertebral fracture during the trial: 73 patients in the placebo group compared with 37 and 39 patients in the daily and intermittent ibandronate groups, respectively. By life-table analysis, the rate of patients with new incident vertebral fractures at year 3 was estimated to be 9.6% (95% CI, 7.5-11.7) for the placebo group and 4.7% (95% CI, 3.2-6.2) and 4.9% (95% CI, 3.4 -6.4) for the daily and intermittent ibandronate groups, respectively. The relative risk reductions compared with placebo were 62% (p ϭ 0.0001; 95% CI: 41-75) and 50% (p ϭ 0.0006; 95% CI: 26 -66) for the daily and intermittent groups, respectively, after 3 years (Fig. 2) for the prespecified primary analysis using the adjusted Cox regression analysis. In a secondary analysis without correction for the statistically significant interaction, daily and intermittent ibandronate reduced the risk of incident new vertebral fractures by 52% (p ϭ 0.0001; 95% CI: 28 -68) and 50% (p ϭ 0.0006; 95% CI: 26 -66), respectively. The difference in relative risk between the two active treatment groups was not statistically significant (p ϭ 0.28). Similar and significant reductions in the relative risk for new vertebral fractures were observed after 2 years (61% [p ϭ 0.0006; 95% CI: 33-77] and 56% [p ϭ 0.0017; 95% CI: 27-74] in the daily and intermittent groups, respectively). After the first year, the relative risk for new vertebral fractures was reduced by 58% (95% CI: Ϫ2 to 83) in the daily ibandronate group; however, this reduction missed statistical significance (p ϭ 0.0561). After 3 years, significant reductions in 
Clinical vertebral fractures:
A total of 85 patients in the ITT population reported symptoms that were ultimately confirmed to be caused by a new clinical vertebral fracture: 41 of these patients were in the placebo group and 22 each were in the daily and intermittent ibandronate groups. The estimated incidence rates were 5.3% (95% CI: 3.7-6.9) in the placebo group versus 2.8% (95% CI: 1.6 -3.9) and 2.8% (95% CI: 1.6 -3.9) in the daily and intermittent groups, respectively. The differences in treatment effect between the oral ibandronate treatment groups and placebo were statistically significant (p ϭ 0.0117 for 2.5 mg and p ϭ 0.0143 for 20 mg), with a relative risk reduction of 49% for the 2.5 mg group and 48% for the 20 mg intermittent group.
Clinical osteoporotic nonvertebral fractures:
The incidence of clinical nonvertebral fractures was low and similar between the placebo and active treatment groups (8.2%, 9.1%, and 8.9% in the placebo, 2.5 mg ibandronate, and 20 mg ibandronate groups, respectively). The study population had a relatively high mean BMD at the proximal femur (total hip [mean T score ϭ Ϫ1.73], femoral neck [mean T score ϭ Ϫ2.03]) at baseline compared with other phase III clinical trials in PMO, (7, (32) (33) (34) (35) (36) and therefore was at relatively low risk for new nonvertebral fractures.
The effect of ibandronate on the risk of nonvertebral fracture depended on baseline BMD at the femoral neck. A significant interaction was found between treatment effect on nonvertebral fractures and a femoral neck baseline BMD above and below a T score of Ϫ3.0 (p ϭ 0.0027). Further analysis showed a relative risk reduction of nonvertebral fractures with oral daily and intermittent oral ibandronate (69% [p ϭ 0.013] and 37% [p ϭ 0.22], respectively) in patients with a baseline femoral neck BMD T score Ͻ Ϫ3.0 (Fig. 3) .
Height loss: Height of the patients was assessed at each visit. After 3 years of treatment, a mean stature loss of 5.6 mm was observed for patients receiving placebo, which was significantly more extensive than the loss observed in patients receiving 2.5 (3.9 mm, p ϭ 0.0005) or 20 mg (4.7 mm, p ϭ 0.0144) ibandronate, respectively.
BMD: After 3 years of treatment, oral ibandronate was associated with statistically significant and progressive increases in BMD at the lumbar spine and hip (total hip, femoral neck, and trochanter) compared with placebo (Fig.  4) . Relative to baseline, BMD at the lumbar spine increased by 1.3%, 6.5%, and 5.7% in the placebo, daily, and intermittent groups, respectively, after 36 months (p Ͻ 0.0001 for each ibandronate group versus placebo; Fig. 4A ). At the total hip, after 3 years, BMD increased by 3.4% and 2.9% with daily and intermittent ibandronate, respectively, compared with a loss of 0.7% in the placebo group (p Ͻ 0.0001 for each ibandronate group versus placebo; Fig. 4B ). Similar findings of BMD gains relative to baseline were obtained for the femoral neck (2.8% and 2.4% versus Ϫ0.6% in the daily and intermittent ibandronate groups versus placebo, respectively; Fig. 4C ) and the trochanter (5.5% and 5.2% versus 0.2%, respectively; Fig. 4D ) and for all these sites after 6 months, 1 year, and 2 years.
Treatment with both ibandronate regimens increased BMD at all the forearm sites (global distal forearm, total wrist, distal radius and ulna, and ultradistal radius), relative to placebo, with the exception of the ultradistal radius in the daily treatment group. However, because of the small number of patients analyzed, meaningful statistical comparisons could not be made.
Biochemical markers of bone turnover: Both ibandronate regimens were associated with substantial, significant, and sustained reductions in biochemical markers of bone turnover. After just 3 months, there was a highly pronounced reduction in biochemical markers of bone resorption (CTX/ creatinine and NTX/creatinine) and formation (serum osteocalcin and BSAP) in both ibandronate treatment groups versus baseline and placebo, which was sustained throughout the rest of the study (p Ͻ 0.0001 for all bone markers versus placebo after 3 years). The magnitude of reduction in biochemical markers of bone turnover levels was comparable between regimens. These data will be the subject of a separately communicated analysis. 
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Safety: Both regimens of oral ibandronate were well tolerated, with an incidence of adverse events similar to placebo. No statistically significant differences between study arms were found in the overall incidence of adverse events, the incidence of adverse events considered by the investigator to be drug-related, or the incidence of drugrelated adverse events resulting in withdrawal from the study (Table 2) . Similarly, the numbers of serious adverse events, overall withdrawals caused by adverse events, and deaths were also well balanced between the three groups.
Of note, the frequency of upper GI adverse events was comparable in the placebo, daily ibandronate, and intermittent ibandronate study arms (Table 3) , despite the lack of strict GI exclusion criteria (ϳ30% of patients had a history of GI disorders). Although dyspepsia was reported with slightly higher frequency in patients treated with daily ibandronate 2.5 mg (11% compared with 9% for placebo and 9% for intermittent ibandronate 20 mg), this increase was not significant (p Ͼ 0.08). Subgroup analyses of patients with and without a history of GI disorders showed that oral ibandronate did not increase the overall risk of upper digestive system adverse events compared with placebo in patients with such a history (data not shown). In addition, among aspirin or NSAID users, the incidence of upper GI adverse events in patients treated with ibandronate 2.5 mg daily and ibandronate 20 mg intermittently was similar to that seen in placebo-treated patients (data not shown).
FIG. 4.
Mean relative change from baseline in BMD at the (A) lumbar spine, (B) total hip, (C) femoral neck, and (D) trochanter over 3 years (per protocol population; p Ͻ 0.0001 for difference between both ibandronate groups vs. placebo at all sites after 3 years). 
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No clinically relevant changes in laboratory parameters were observed, and the distribution of marked laboratory abnormalities was balanced between treatment groups.
DISCUSSION
In the current placebo-controlled study, oral ibandronate was administered either daily (2.5 mg) or intermittently (20 mg every other day for 12 doses every 3 months) at a similar cumulative dose. Both daily and intermittent oral ibandronate were highly effective in reducing the incidence of new vertebral fractures, with a sustained effect over 3 years. At the end of the study, the daily and intermittent treatment groups reduced the risk of new morphometric vertebral fractures by 62% (p ϭ 0.0001) and 50% (p ϭ 0.0006), respectively, compared with placebo. After 3 years, both regimens of ibandronate also produced a statistically significant reduction in new or worsening vertebral fractures and clinical vertebral fractures.
Although it is difficult to compare across different studies, the point estimate of the relative risk reduction of new vertebral fractures seen with 2.5 mg oral daily ibandronate is the highest sustained reduction in vertebral fracture risk observed among current bisphosphonates. (7, (32) (33) (34) (35) (36) After 3 years, the relative risk reduction in new vertebral fractures observed with oral daily alendronate (5-10 mg) and risedronate (5 mg) in phase III pivotal trials was up to 50% (33) and 49%, (36) respectively, compared with 62% and 50% with oral daily and intermittent ibandronate, respectively. Single studies comparing the effects of these different bisphosphonates on fracture rates will be needed to confirm these findings.
Furthermore, although extended dosing intervals have been studied with other bisphosphonates, (37) (38) (39) (40) ibandronate is the first to prospectively show robust antifracture efficacy with a between-dose interval of Ͼ2 months in the overall population of an adequate and well-controlled clinical trial. Etidronate, a non-nitrogen-containing bisphosphonate, is administered with an extended between-dose interval and is widely used to treat PMO in Europe. However, reduction in fracture risk has only been shown with etidronate in a subgroup population (or with phosphate) (5) and when data are excluded from analysis. (41) Consequently, etidronate has failed to produce significant and robust vertebral fracture benefit in the overall population of a large well-designed prospective trial. In the study reported here, no statistically significant reduction was seen in nonvertebral fractures in the overall population. However, on average, patients had a relatively high proximal femur BMD at baseline compared with similar phase III fracture prevention trials of other bisphosphonates. (6, 7, (32) (33) (34) (35) (36) For example, in this study, mean BMD at the femoral neck (0.63-0.64 g/cm 2 ) was almost 10% higher compared with that seen in the Fracture Intervention Trial 1 (FIT1; 0.56 g/cm 2 ). (6) Furthermore, the actual fracture risk of the populations within these studies can be quantitatively derived from the incidence of new vertebral fractures in the placebo groups. A comparison of the fracture incidence in the placebo groups of BONE and FIT1 (9.6% and 15.0% after 3 years, respectively) shows that the population of the BONE study was at considerably lower risk of fractures than the population in the FIT1 study.
However, in a posthoc analysis, oral daily ibandronate significantly reduced the risk of nonvertebral fractures in a subgroup of the overall population (women with a BMD T score at the femoral neck of Ͻ Ϫ3.0). In this higher-risk subgroup, oral daily ibandronate reduced the incidence of nonvertebral fractures by 69% (p ϭ 0.013) relative to placebo. Although this is a retrospective analysis, and therefore its interpretation should be treated with caution, this study was well designed and conducted in a large number of patients. Consequently, it is likely that these findings will be relevant to the clinical setting.
In tandem with these significant reductions in vertebral and nonvertebral fractures (in a high-risk subgroup), both daily and intermittent ibandronate were associated with similar statistically significant increases in lumbar spine and hip (total hip, femoral neck, and trochanter) BMD and suppression of biochemical markers of bone turnover versus placebo. Notably, after 1 year, the lumbar spine BMD gains observed with oral daily and intermittent ibandronate are similar to those noted in a randomized, double-blind, placebo-controlled trial investigating an intermittent intravenous regimen of ibandronate (2 mg), given by injection once every 3 months (5.0% with the 2 mg intravenous regimen versus 4.7% and 4.0% in the oral daily and intermittent arms). (42) In contrast, however, the spinal BMD increases seen with oral ibandronate in our study are substantially greater than those observed with lower 3-month doses of intravenous ibandronate (0.5 and 1 mg), which produced suboptimal efficacy. (43) The optimal dosing schedule of intermittent intravenous ibandronate injections is currently being investigated in a large phase II/III trial.
Oral daily ibandronate and intermittent ibandronate were well tolerated, with a safety profile similar to placebo. There was no association between ibandronate treatment and an increased risk of upper GI adverse events, despite the fact that patients with a history of such complaints were not specifically excluded from the study. Notably, rates of upper GI adverse events were similar for both ibandronate regimens and placebo in patients with a history of upper GI disease and patients using NSAIDs or aspirin. This study shows the substantial antifracture efficacy and excellent tolerability of daily and intermittent ibandronate dosing regimens. As a result, oral ibandronate has the potential to become an important alternative to currently licensed treatments for PMO. The robust results from this study verify the concept that intermittent treatment with ibandronate given with extended between-dose intervals can reduce fracture risk, and these findings are assisting in identifying novel intermittent ibandronate regimens. Current oral bisphosphonates are associated with inconvenient dosing guidelines that must be adhered to on a frequent basis (daily or weekly). The innovative, simplified dosing regimens of ibandronate in development (oral monthly and intermittent intravenous injections) will offer greater convenience, while ensuring lasting efficacy and good tolerability.
